This study was conducted to explore differences in gray and white matter volume between cocaine-dependent and healthy comparison subjects using optimized voxel-based morphometry (VBM). Brain magnetic resonance imaging (MRI) and neuropsychological function tests were performed for 40 cocaine-dependent subjects (41.476.9 years, 27 men) and 41 healthy age-and sex-matched comparison subjects (38.778.8 years, 26 men). Optimally normalized whole brain MR images were segmented, modulated, smoothed, and compared between groups with statistical parametric mapping. The cocaine-dependent group had lower gray matter volumes in bilateral premotor cortex (Brodmann area (BA) 6, 8; 16.6%), right orbitofrontal cortex (BA 10, 15.1%), bilateral temporal cortex (BA 20, 38; 15.9%), left thalamus (12.6%), and bilateral cerebellum (13.4%) as well as lower right cerebellar white matter volume (10.0%) relative to the comparison group at a corrected po0.05 for multiple comparisons. Duration of cocaine use negatively correlated with right and left cerebellar gray matter volumes (r ¼ À0.37, r ¼ À0.39, respectively). In cocaine-dependent subjects, lower cerebellar hemispheric gray and white matter volumes were correlated with deficits in executive function and decreased motor performance. This study reports that cocaine-dependent subjects have lower gray matter volumes in cerebellar hemispheres as well as in frontal, temporal cortex, and thalamus. These findings are the first to suggest that the cerebellum may be vulnerable to cocaine-associated brain volume changes, and that cerebellar deficits may contribute to neuropsychological deficits and motor dysfunction frequently observed in cocaine-dependent subjects.
INTRODUCTION
The behavioral effects of cocaine have been linked to the modulation of dopamine release in mesocorticolimbic dopaminergic pathways (Kuhar et al, 1991) . Consequently, prior brain-imaging studies of cocaine abusers have focused on abnormalities in mesocorticolimbic areas including frontal and temporal cortex, striatum, and limbic regions (Franklin et al, 2002; Lyoo et al, 2004; Matochik et al, 2003) .
Recently, several quantitative structural brain imaging studies have been conducted in cocaine abusers including two utilizing the standard voxel-based morphometry (VBM) technique (Franklin et al, 2002; Matochik et al, 2003) . Franklin et al (2002) first reported that cocaine-dependent subjects had gray matter density decreases in frontotemporal brain regions including orbitofrontal, anterior cingulate, insular, and superior temporal cortex relative to comparison subjects. Matochik et al (2003) subsequently reported in a VBM study with regions of interest confined to frontal brain areas that cocaine-dependent subjects had gray matter density decreases in regions including cingulate gyrus and orbitofrontal cortex. In addition, frontal white matter abnormalities have been reported in cocaine abusers (Lim et al, 2002; Lyoo et al, 2004) .
Although these findings indicate that the frontal lobes are a major target for cocaine's effects, prior functional brain-imaging studies in cocaine-dependent subjects noted impairments in other brain areas including the cerebellum (Gottschalk and Kosten, 2002) as well as in prefrontal and limbic cortex (Ernst et al, 2000; Volkow et al, 1988 ). An animal study has also reported cocaine-induced microscopic lesions in cerebellum (Barroso-Moguel et al, 2002) .
Cerebellar dysfunction may result in neuropsychological deficits as well as impairments in fine motor control that have been observed in cocaine abusers (Gottwald et al, 2004; Hester and Garavan, 2004; Smelson et al, 1999 ). Yet, to date, there have been no imaging studies suggesting the presence of cerebellar structural abnormalities in cocaine-dependent humans.
Accordingly, we conducted a VBM study in a large cohort of cocaine-dependent subjects (40 cocaine-dependent and 41 comparison subjects). We utilized an optimized VBM technique (Good et al, 2001b) , which incorporates additional spatial processing steps that improve image registration and segmentation, as compared to the standard VBM technique (Ashburner and Friston, 1997) . Optimized VBM reduces voxel misclassification errors (Good et al, 2001b) and offers increased sensitivity (Keller et al, 2004) over the standard VBM technique.
Based on previous functional, animal, and magnetic resonance imaging (MRI) studies which have reported decreased cerebellar blood flow in cocaine-dependent subjects (Gottschalk and Kosten, 2002) , cocaine-induced cerebellar pathology in animal (Barroso-Moguel et al, 2002) and regional gray matter concentration or density reductions (Franklin et al, 2002; Matochik et al, 2003) in cocaine abusers, the possible differences between the cocainedependent subjects and the healthy comparison subjects including lower gray matter volumes in the cerebellum, frontal, and temporal cortex, are compared in this study.
MATERIALS AND METHODS

Subjects
Eligible subjects were cocaine-dependent persons between 18 and 60 years of age enrolled in two National Institute on Drug Abuse (NIDA)-sponsored treatment studies. Cocainedependent subjects met criteria for a DSM-IV diagnosis of cocaine dependence as determined by Structured Clinical Interview for DSM-IV Axis I Disorders, Research Version, Nonpatient Edition (SCID) (First et al, 1997) and reported using cocaine on at least six occasions within the 28-day period before screening. Self-report of current cocaine use was substantiated with at least one urine specimen testing positive for cocaine metabolites over a 2-week period before study entry. Potential cocaine-dependent subjects were excluded if they had a (1) current dependence on any psychoactive drug other than cocaine, alcohol, or nicotine, (2) neurological or psychiatric disorders requiring immediate treatment, (3) schizophrenia or bipolar illness, (4) serious medical illness, (5) prescribed psychoactive medications, (6) asthma, (7) amenorrhea due to pregnancy, (8) abnormal laboratory results during screening, or (9) contraindications to scanning. Cocaine-dependent subjects with a current history of alcohol dependence not requiring medical detoxification were accepted.
Age-and sex-matched healthy comparison subjects recruited by newspaper advertisement and by word of mouth were screened for Axis I disorders using the SCID. Control subjects were required to have no history of cocaine or alcohol dependence/abuse and no history of Axis I or neurological disorders.
Owing to the high comorbidity rate of cocaine and alcohol dependence in the cocaine-dependent subjects (Miller et al, 1989) , the following additional exclusion criteria were applied to determine if cocaine-dependent subjects with histories of alcohol abuse or dependence were eligible for enrollment: subjects with liver function tests greater than three times normal values, subjects with histories of a complicated alcohol withdrawal, subjects requiring medical detoxification or not identifying cocaine as their drug of choice.
This study was approved by the Institutional Review Boards of Boston Medical Center, McLean Hospital, the Boston VA Healthcare System, and Seoul National University Hospital. After complete description of the study to the subjects, written informed consent was obtained.
MR Image Acquisition
Brain MRI was performed using a 1.5 whole-body imaging system (Horizon Echo-Speed, General Electric Medical Systems, Milwaukee, WI, USA) and a custom-made linear birdcage coil with approximately 40% improvement in signal-to-noise ratio and improved homogeneity over standard quadrature head coils (Dager et al, 2004) . A three-dimensional spoiled-gradient echo pulse sequence was used to produce 124 contiguous 1.5-mm-thick coronal images (echo time ( These images were screened by an experienced neuroradiologist, who was blind to subject grouping, for brain structural abnormalities. Three subjects from the cocaine group and two from the comparison group had qualitative abnormalities including cerebral atrophy, enlarged ventricles, or white matter hyperintensities with a severity greater than grade II by Fazekas' criteria. All were excluded from the study. Consequently, 40 cocaine-dependent subjects and 41 comparison subjects were included in the VBM part of study.
Optimized VBM
Customized gray and white matter templates were created by averaging all the 81 smoothed normalized gray and white matter images, respectively, to produce optimized normalization parameters (Good et al, 2001b) . Original structural MR images were segmented into gray and white matter images, followed by an extraction of unconnected nonbrain voxels of scalp, skull, or venous sinuses from segmented images (Good et al, 2001a) . Each segmented gray/ white matter image was normalized to its own gray and white matter templates, respectively. To facilitate optimal segmentation, optimized normalization parameters were reapplied to the original whole-brain structural images. The spatial normalization process consists of 12 parameter affine transformations (Good et al, 2001a) , followed by nonlinear warping using basis functions (7 Â 8 Â 7). Optimally normalized whole brain images were then segmented and extracted repeatedly to eliminate any remaining nonbrain voxels on segmented gray and white matter images.
To preserve the potential volume changes developed in the spatial normalization process, segmented images were modulated by the Jacobian determinants obtained from the spatial normalization procedure (Good et al, 2001a) . This step enables the measurement of the absolute volumes as compared with the relative concentration or density in the standard VBM technique. Each optimally normalized, segmented, modulated gray/white image was smoothed with an isotropic Gaussian kernel with 8 mm full width-half maximum (FWHM). Significant differences were estimated using random Gaussian field theory (Worsley et al, 1996) . Parameters to define regions of significant differences included p-value o0.05 (corrected for multiple comparisons) and the extent threshold ¼ 400 isotropic voxels of 1.0 mm 3 (equivalent of 50 isotropic voxels of 2.0 mm 3 ). The optimized VBM method is rater-independent as the predefined procedure set is sequentially conducted. In addition, the rater was blind to clinical information regarding study subjects. Statistical parametric mapping (SPM2) (Wellcome Department of Imaging Neuroscience, London, UK) was executed in MATLAB 7.1 (MathWorks, Natick, MA, USA).
Neuropsychological Function Tests
A battery of neuropsychological function tests was conducted by a trained neuropsychologist. The following tests were performed: Trails A, a simple test of psychomotor speed; and Trails B, a more difficult test of executive function (Reitan, 1992) . To examine further executive function, the Stroop color-word test, composed of three categories including color naming (color-congruent, eg, 'GREEN' in green), word naming, and interference (color-incongruent, eg, 'BLUE' in red), was conducted (Golden, 1978) . The Grooved Pegboard Test (GPT) for motor performance of both dominant and nondominant hands was also conducted (Matthews and Klove, 1964) .
Statistical and Image Analysis
Group differences involving continuous and categorical data were evaluated using independent t-test and Fisher's exact test, respectively. For regions that exhibited tissue volume differences, we conducted additional exploratory analyses to study associations between gray and white matter volumes and clinical and neuropsychological variables, using partial correlation and multiple linear regression analyses. Statistical significance was defined at an ao0.05, two-tailed.
RESULTS
Subjects
Forty-one cocaine-dependent subjects and 41 sex-matched healthy comparison subjects were recruited for this study. One image from the patient group was excluded owing to the consistent problems with segmentation during the processing of the MR images for SPM analysis. Consquently, the analyses were conducted with 40 cocainedependent and 41 healthy comparison subjects. The mean age of cocaine-dependent subjects (41.476.9 years old) was not significantly different from that of healthy comparison subjects (38.778.8 years old) (t-test, t(79) ¼ 1.57, p ¼ 0.12).
There were no significant differences in sex composition (N ¼ 27, 67.5% and N ¼ 26, 63.4%, number of men in cocaine-dependent and healthy comparison groups, respectively) or handedness (N ¼ 38, 95.0% and N ¼ 37, 90.2%, the number of right-handed subjects in cocaine-dependent and healthy comparison groups, respectively) between groups. Educational level was higher in the healthy comparison group than cocaine-dependent group (t ¼ 3.97, po0.001).
Details of demographic and clinical characteristics are presented in Table 1 .
Optimized VBM
There were significantly lower gray matter volumes in bilateral premotor cortex (Brodmann area (BA) 6, 8, 16.6%), right orbitofrontal cortex (BA 10, 15.1%), bilateral temporal cortex (BA 20, 38, 15.9%) , left thalamus (12.6%), and bilateral cerebellum (13.4%) in the cocaine-dependent group relative to the comparison group (corrected po0.05, height threshold t ¼ 4.70, and the extent threshold ¼ 400 voxels) ( Figure 1 , Table 2 ).
There was significantly lower white matter volume in right cerebellum (Talairach coordinates x ¼ 25, y ¼ À67, z ¼ À41, 552 voxels; 10.0%) in the cocaine-dependent group relative to the comparison group (corrected po0.05, height threshold t ¼ 4.17, and the extent threshold ¼ 400 voxels). Both cerebellar gray and white matter volume differences were identified in the hemispheric, but not in the vermis (Figure 1 ). Left cerebellar gray matter volume was related to GPT completion time for the nondominant hand (r ¼ À0.38, n ¼ 37, p ¼ 0.030). Right cerebellar white matter volume also was negatively correlated with GPT completion time for both dominant and nondominant hands (r ¼ À0.37, n ¼ 37, p ¼ 0.036; r ¼ À0.37, n ¼ 37, p ¼ 0.032, respectively).
Sex Differences
The gray and white matter volume differences in male cocaine-dependent vs male comparison groups ranged from 11.1 to 18.0% across target brain regions. Comparable gray and white matter volume differences ranging from 5.8 to 17.2% across target brain regions were found in female cocaine-dependent subjects relative to female comparison subjects. Multiple regression analyses indicated that there were no significant sex differences in gray or white matter volume differences. VBM in cocaine dependence ME Sim et al
Aging Effects
There were significant inverse correlations between age and gray matter volumes of bilateral premotor, temporal regions, and cerebellum in cocaine-dependent subjects (r: À0.38 to À0.49, n ¼ 40, po0.016). In healthy volunteers, this relationship was observed in bilateral premotor and cerebellar regions (r: À0.35 to À0.43, n ¼ 41, po0.027).
In all regions of significant difference, the diagnosis of cocaine dependence was a predictor for lower gray matter volume controlling for age. For bilateral cerebellum and premotor regions, age was a predictor for lower gray matter volume controlling for the diagnosis.
Considering this univariate relationship with age, an additional set of VBM analyses comparing cocaine-dependent and healthy comparison groups with age as a covariate was conducted. Similar results were produced to those when age was not covaried.
There were no correlations between age and cerebellar white matter volume in cocaine-dependent subjects.
DISCUSSION Cerebellar Abnormalities
This study, the first optimized VBM analysis in cocainedependent subjects, is the first to document substantial gray and white matter cerebellar volume changes in cocaine abusers. Our finding that duration of cocaine use is correlated inversely with gray matter volume in cerebellum suggests that there may be some cumulative effect of cocaine on cerebellar gray matter tissue volume, such as has been observed in prefrontal areas (Liu et al, 1998) .
The cerebellar abnormalities observed in cocaine abusers may result from a cerebellar sensitivity to oxidative stress (Pae et al, 2005) , which can be a consequence of cocaineinduced cerebral vasoconstriction (Kaufman et al, 1998) . As the cerebellum exhibits the highest nitric oxide synthase (NOS) activity in brain (Ikeda et al, 1993) , oxidative stress, as caused by the cocaine-induced vasoconstriction, could promote increased formation of reactive nitrogen species (Rodrigo et al, 2001) and neuronal damage or death in cerebellum. The fact that we found a selective white matter volume difference only in cerebellum reinforces our hypothesis that the cerebellum may be an important target for cocaine's chronic effects. However, it is also possible that these deficits might have been present before cocaine use. Consequently, further study that evaluates the difference in cerebellar gray matter volumes before and after cocaine use could clarify this issue.
In this study, lower bilateral cerebellar gray matter volumes were associated with deficits in executive function and motor performance in cocaine abusers. As the cerebellum has been implicated in executive function and motor control (Gottwald et 1998), these associations suggest that cognitive deficits in cocaine abusers may be, in part, due to this cerebellar deficit.
The cerebellar gray and white matter volume differences we observed were limited to bilateral cerebellar hemispheres, with no evidence of changes in cerebellar midline structures including the vermis. Interestingly, we have observed recently that cocaine-dependent subjects display an increased cerebellar vermis activation to cocainerelated stimuli as compared with healthy volunteers (Anderson et al, 2006) . Because the cerebellar vermis has very high structural variability (Schmahmann et al, 1999) , it is also possible that any potential vermis volume changes were undetectable with the present VBM method.
In the first VBM study of cocaine abusers, cerebellar abnormalities were not identified (Franklin et al, 2002) . The discrepancy between the current and previous findings may Left cerebellar gray matter volume was related to GPT completion time for nondominant hand (r ¼ À0.38, n ¼ 37, p ¼ 0.030) (d). Right cerebellar white matter volume was negatively correlated with GPT completion time for both dominant and nondominant hands (r ¼ À0.37, n ¼ 37, p ¼ 0.036; r ¼ À0.37, n ¼ 37, p ¼ 0.032, respectively) (e and f). GPT, Groove pegboard test.
arise from several factors including the statistical power and VBM technique. First, the statistical power for detecting significant differences was about 0.60 in Franklin et al (2002) 's report with a sample size of 13 cocaine-dependent subjects and 16 healthy volunteers, and an effect size of 8% mean difference. Brain regions exhibiting similar differences may not have been detected with this level of power. With our larger sample size (nX40 each for cocainedependent subjects and comparison subjects), our statistical power exceeds 0.90. Thus, based on sample size considerations alone, our study is likely to be more sensitive for detecting volume abnormalities. Second, we have adopted the optimized VBM method, whereas the standard VBM technique was utilized in an earlier study. There is evidence that the optimized VBM method is more sensitive than the standard VBM (Keller et al, 2004) . Third, differences in demographic and clinical characteristics between these two cohorts may have contributed to the discrepancy.
Cortical Abnormalities
Franklin et al (2002) have reported decreased gray matter densities in ventromedial orbitofrontal, anterior cingulate, anteroventral insular, and superior temporal cortex. Subsequently, Matochik et al (2003) , in a report focused on frontal lobe structures, documented decreased gray matter densities in bilateral anterior cingulate gyrus, medial orbitofrontal cortex, right lateral orbitofrontal cortex, and right middle/dorsal cingulate gyrus in cocaine abusers. Constistent with our hypotheses as well as findings from previous studies (Franklin et al, 2002; Matochik et al, 2003) , we found lower gray matter volumes in bilateral premotor cortex and right orbitofrontal cortex. These stuctural findings are also consistent with a prior functional neuroimaging study that demonstrated decreased prefrontal cerebral blood flow in cocaine-dependent subjects (Volkow et al, 1988) .
The bilateral premotor cortex abnormalities we found were confined to rostral parts of the premotor cortex. As the rostral premotor cortex is associated with prefrontal cortex both structurally and functionally (Luppino et al, 1993; Hanakawa et al, 2002) , gray matter deficits in our cocainedependent subjects may potentially be related to prefrontal functional deficits that have been reported in other cohorts (Volkow et al, 1988; Bolla et al, 2004) .
Orbitofrontal abnormalities have been commonly reported in methamphetamine (Volkow et al, 2001 ) and cocaine-dependent subjects (Volkow et al, 1996) . Deficits of this brain region has been associated with compulsive drug intake behaviors (Volkow and Fowler, 2000) . There have been prior reports regarding the functional dysregulation of the orbitofrontal cortex in cocaine abusers (Volkow et al, 1991 (Volkow et al, , 1993 . We observed orbitofrontal gray matter deficits in cocaine-dependent subjects primarily on the right side. Lateralized changes in orbitofrontal cortices are constistent with prior reports that the right orbitofrontal cortex is more implicated in cocaine dependence Matochik et al, 2003) .
As hypothesized, we also found lower gray matter volume in the bilateral temporal cortex, consistent with findings of a previous VBM study (Franklin et al, 2002) . These findings are consistent with prior functional brain imaging studies which have reported decreased temporal cortex blood flow in cocaine abusers (Ernst et al, 2000; Gottschalk and Kosten, 2002) .
There have been reports of frontal white-matter volume deficits in cocaine-dependent subjects (Schlaepfer et al, 2006) . Schlaepfer et al (2006) have reported that substance abusers (n ¼ 16) had smaller frontal white matter volume, but not in volumes of other brain regions, relative to healthy comparison subjects (Schlaepfer et al, 2006) . In the current VBM study, however, there were no significant differences in frontal white matter volume between cocaine-dependent subjects and comparison subjects. This discrepancy may stem from differences in study methods (conventional region-of-interest method vs VBM).
Subcortical Abnormalities
We found lower left thalamic gray matter volume in the cocaine-dependent subjects. A prior magnetic resonance (MR) spectroscopy study reported decreased thalamic N-acetyl aspartate levels, a marker for neuronal viability and density, in cocaine abusers (Li et al, 1999) . The thalamus serves as a relay between orbitofrontal cortex and nucleus accumbens and receives dopaminergic projections (Groenewegen et al, 1999) . Therefore, it has been reported to play an important role in modulating reinforcing responses (George et al, 2001) . Volkow et al (2003) have suggested that the thalamus may be involved in enhancement of the reinforcing effects of stimulants by expectation. Consequently, our finding of lower thalamic gray matter volume may be related to conscious drug-taking behaviors of cocaine-dependent subjects upon expectation of cocaineinduced euphoria.
Comorbid Alcohol and Nicotine Abuse
Alcohol abuse by cocaine-dependent cohorts can be an important confounding factor in research studies of human cocaine abusers, as alcohol consumption by itself induces neurochemical and neuroanatomical changes (O'Neill et al, 2001) . It has been recently reported that alcohol has neurotoxic effects on cerbellum as measured by regionof-interest volumetry and VBM approach (Chanraud et al, 2007; Maschke et al, 2005; Sullivan et al, 2000) . Accordingly, we instituted strict inclusionary/exclusionary criteria to minimize the effects of the alcohol confound in this study. In addition, correlation analyses between the duration of cocaine use and bilateral cerebellar gray matter volumes were conducted partialing out the alcohol history. The results remained unchanged relative to those without covariation. When the presence of comorbid lifetime alcohol dependence or abuse was covaried in the betweengroup VBM analysis, similar findings were also observed. On limiting our analyses to 20 cocaine-dependent subjects without lifetime history of alcohol dependence or abuse (vs all 41 comparison subjects), a similar pattern of gray matter volume deficits was observed.
Consequently, it may be suggested cautiously that effects of alcohol history on cerebellar gray matter volume may not be substantial in the current cohort.
Recently, Brody et al (2004) have reported that smokers have smaller gray matter densities in bilateral dorsolateral prefrontal cortex, left ventrolateral prefrontal cortex, and right medial cerebellum using standard VBM technique. Therefore, we conducted an additional VBM analysis with smoking as covariance to evaluate the potential confounding effect of smoking on our findings. However, similar regions of gray matter decrease in the cocaine-dependent subjects were observed. Consequently, we believe that our finding is not likely to be confounded by the presence of nicotine exposure.
Effects of Aging
Prior studies in cocaine-dependent subjects indicate a combined effect of aging and cocaine use on temporal lobe brain volume (Bartzokis et al, 2000) . Consistent with that report, we found an age-related decline in temporal gray matter volume in cocaine-dependent subjects but not in healthy volunteers.
In addition, these age-associated gray matter volume declines in premotor regions were observed in both groups, a finding that also is consistent with the earlier report by Bartzokis et al (2000) . There has been a report of ageassociated cerebellar atrophy in healthy volunteers (Raz et al, 2005) . We also observed age-associated declines in cerebellar gray matter volumes in both cocaine-dependent and comparison groups.
The fact that cocaine-dependent subjects had lower gray matter volume relative to healthy volunteers after controlling for age suggests that cocaine and age may have additive effects for premotor and cerebellar gray matter differences. Bartzokis et al (2002) have reported that an age-related increase in white matter volume of frontal and temporal regions were observed in healthy volunteers, but not in cocaine-dependent subjects and suggested that cocaineinduced vascular constriction may hamper the continued myelination of the adult brain. In this study, there were no associations between age and cerebellar white matter volume in either cocaine-dependent subjects or healthy comparison subjects. However, owing to the differences in analysis methods, the results cannot be directly compared.
Limitations
In this study, we did not control for the presence of certain psychiatric disorders including attention-deficit hyperactive disorder and antisocial personality disorder, which are highly prevalent in substance abusers (Johann et al, 2004) .
Also, we cannot rule out the possibility that our findings may in part be due to a cohort effect. Caution should be used in interpreting our findings regarding the neuropsychological tests and partial correlation analyses, since multiple comparisons were conducted. We could also not exclude the potential effects of variable drug use history.
In conclusion, we found cerebellar gray and white matter volume differences as well as frontal, temporal, and thalamic gray matter volume differences. The cerebellum may be vulnerable to cocaine-associated structural changes, and cerebellar abnormalities may underlie some of neuropsychological deficits and motor dysfunction frequently observed in cocaine-dependent subjects. Owing to the cross-sectional nature of our study, further prospective studies are recommended to determine whether the cerebellar structural abnormalities we observed truly are cumulative with prolonged cocaine exposure as well as whether they are reversible with abstinence.
